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OPTICAL INTERROGATION SYSTEM AND METHOD FOR USING SAME 
BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to an optical interrogation system and method 
capable of generating light beams that have desired optical properties which are 
directed towards a specimen array. 

Description of Related Art 

One of the most significant challenges for manufacturers of optical interrogation 
systems is to design an efficient and cost effective system that is capable of 
illuminating an array of specimens with light beams that have desired optical qualities 
like the proper spatial, angular, and power profiles. This problem becomes even more 
acute as the dimensions and the density of the array of specimens increase. In the past, 
optical interrogation systems have used lenslet arrays, fiber arrays, "flood illumination" 
and scanning methods to address this problem. Unfortunately, these systems are often 
costly to construct and difficult to use because it is hard to generate light beams that 
have the appropriate optical character and which align with all of the specimens. 
Another reason why it is difficult to design efficient and cost effective optical 
interrogation systems is because the specifications for the system design often have 
conflicting requirements. The following is a list of some of these different scanning 
and non-scanning applications and their associated requirements: 
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• Application—high specimen density. 

o The optical interrogation system will have to make many moves to scan 
the entire specimen array. 
5 o The optical interrogation system will have to incorporate a plurality of 

identical optical components which are precisely machined and 
positioned. 

• Application— large specimen array area. 

o The optical interrogation system should have a large scan range. 
10 o The optical interrogation system should be able to perform high-speed 

moves between specimens. 

• Application— precise positioning and re-positioning of the light beam and/or 
specimen array. 

o The optical interrogation system should have a small step size 
15 resolution. 

o The optical interrogation system should have precisely machined motion 

hardware and optics, 
o The optical interrogation system should have encoder feedback 

hardware. 

20 o The optical interrogation system should move slowly to allow precise 

alignment and re-alignment to each specimen. 

• Application— maximum integration time at each specimen. 

o The optical interrogation system should be able to maintain a light beam 
at each specimen location for long data integration periods. 
25 • Application— rapid repetition of the scan of the specimen array. 

o The optical interrogation system should be able to perform high-speed 
moves between specimens. 

o The optical interrogation system should have a short interrogation time 
at each specimen. 

30 • Application— precisely controlled beam intensity, spatial profile, and angular 

profile characteristics at each specimen. 
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o The optical system requires many optical components with precise 
optical characteristics and positions. 
One optical interrogation system that can generate multiple hght beams while 
using few or no moving parts incorporates an array of optical components such as a 
5 lenslet or fiber array. However, these types of optical interrogation systems have 

several drawbacks. First, these systems require the use of a number of precisely 
positioned and designed optical elements in order to convey light beams to one or more 
lenslets, fibers, and/or specimens. Another drawback of these types of optical 
interrogation systems is that they require the use of additional components to ensure 

10 that the light beams have the appropriate optical power and intensity profile when they 

are introduced into each lenslet, fiber or specimen. 

Another type of optical interrogation system could incorporate a device such as 
a beam expander that "flood illuminates" the specimen array. However, these types of 
optical interrogation systems have several drawbacks including (1) loss of optical 

15 power when light beams fall outside the lenslet elements, fibers or the specimen 

interrogation region; (2) increased measurement noise and error due to light beams that 
scatter fi-om undesirable regions of the lenslet, fiber or specimen array; and (3) 
difficulty of ensuring the proper illumination including intensity, numerical aperture, 
etc. of all elements in the array of lenslets, fibers or specimens. 

20 Yet another type of optical interrogation could rely on various scanning 

methods to illuminate the specimens. However, these scanning systems have several 
drawbacks because they require the use of precise alignment hardware and software 
and they do not allow for long integration times at each specimen. Accordingly, there 
is a need for a new optical interrogation system that addresses the aforementioned 

25 shortcomings and other shortcomings in the traditional optical interrogation systems. 

These needs and other needs are satisfied by the optical interrogation system and 
method of the present invention. 

BRIEF DESCRIPTION OF THE INVENTION 

30 The present invention includes an optical interrogation system and method 

capable of generating light beams that have desired optical properties which are 
directed towards a specimen array. In one embodiment, the optical interrogation 



system includes a light source, a diffractive element, and a coUimating optic (e.g., 
simple lens(es), f-O lens(es), segmented mirror). The light source emits a light beam to 
the diffractive optic which receives the light beam and outputs an array of light beams 
to the coUimating optic. The coUimating optic receives and conditions the light beams 
emitted from the diffractive optic and then outputs the conditioned light beams which 
have desired optical properties towards a specimen array. Several other embodiments 
of the optical interrogation system are also described herein. It should also be noted 
that the optical interrogation system can be used in a wide variety of optical signal 
transduction methods (e.g., IR absorption, FTIR and other vibrational spectroscopies) 
that may be used to interrogate and receive information about the specimen array. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be had by 
reference to the following detailed description when taken in conjunction with the 
accompanying drawings wherein: 

FIGURE lA is a diagram of a first embodiment of an optical interrogation 

system that uses a light source, a diffractive optic and a coUimating optic to illuminate a 

* 

specimen array in accordance with the present invention; 

FIGURE IB is a photograph of an exemplary optical interrogation system 
similar to the one shown in FIGURE lA that uses a He/Ne laser, two spot-to-Iinear- 
array diffractive optics that were oriented perpendicular to each other (generating a 2-D 
grid of beamlets), and a plano-convex coUimating lens to illuminate a 384 micro-array 
well plate in accordance with the present invention; 

FIGURE 2 is a diagram of a second embodiment of an optical interrogation 
system that uses a light source, a diffractive optic and a coUimating optic configured as 
segmented mirror to illuminate a specimen array in accordance with the present 
invention; 

FIGURE 3 is a diagram of a third embodiment of an optical interrogation 
system that uses a light source, a diffractive optic, and a coUimating optic configured as 
fiber optics array to illuminate a specimen array in accordmce with the present 
invention; 
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FIGURE 4 is a diagram of a fourth embodiment of an optical interrogation 
system that uses a light source, a diffractive optic, and a coUimating optic configured as 
a combined fiber optics array/lenslet array to illuminate a specimen array in accordance 
with the present invention; 
5 FIGURE 5 is a diagram of a fifth embodiment of an optical interrogation system 

that uses a light source, a beamlet re-conditioning optic, a diffractive optic and a 
coUimating optic to illuminate each specimen in a specimen array with the a desired 
spot size and numerical aperture in accordance with the present invention; 

FIGURE 6 is a diagram of a sixth embodiment of an optical interrogation 
10 system that uses a light source, a wavelength tunable filter, a diffractive optic and a 

coUimating optic to illuminate a specimen array in accordance with the present 
invention; 

FIGURE 7A is a diagram of a seventh embodiment of an optical interrogation 
system that uses a light source, a diffractive optic, a coUimating optic and a movable 
15 mask to illuminate predetermined specimens in a specimen array in accordance with the 

present invention; 

FIGURE 7B is a diagram of the optical interrogation system shown in FIGURE 
7A that includes a detector designed to receive an array of light beams reflected from 
predetermined specimens in a specimen array in accordance with the present invention; 

20 FIGURE 7C is a diagram of the optical interrogation system shown in FIGURE 

7A that includes a swept angle detection system designed to receive an array of light 
beams reflected from predetermined specimens in a specimen array in accordance with 
the present invention; 

FIGURE 8 is a diagram of an eighth embodiment of an optical interrogation 

25 system that uses a light source, a diffractive optic, a coUimating optic and an 

electronically controlled liquid crystal mask to illuminate predetermined specimens in a 
specimen array in accordance with the present invention; 

FIGURE 9 is a diagram of a ninth embodiment of an optical interrogation 
system that uses a light source, a swept angle launch system, a diffractive optic, a 

30 coUimating optic and a mask to illuminate predetermined specimens in a specimen 

array in accordance with the present invention; and 
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FIGURE 10 is a flowchart illustrating the basic steps of a preferred method for 
interrogating one or more specimens in a specimen array using the aforementioned 
optical interrogation systems in accordance with the present invention. 

5 DETAILED DESCRIPTION OF THE DRAWINGS 

Referring to FIGURES 1-10, there are disclosed in accordance with the present 
invention nine embodiments of an optical interrogation system 100 and method 1000 
for using the optical interrogation system 100 to interrogate one or more specimens in a 
specimen array. It should be readily appreciated by those skilled in the art that the 

10 optical interrogation system 100 can be used to interrogate a specimen array to 

determine whether or not a biological substance such as a cell, molecule, protein, drug, 
chemical compound, nucleic acid, peptide or carbohydrate is present within anyone of 
the specimens in the specimen array. The optical interrogation system 100 can also be 
used to perform other label or label-free studies such as photoluminescence assays, 

15 fluorescence assays, scattering assays, absorbance assays, cell migration assays, drug 

permeability assays, drug solubility studies, vims detection studies and protein 
secretion studies. Accordingly, the optical interrogation system 100 and method 1000 
and their possible uses should not be constmed in a limited manner. 

Referring to FIGURE lA, there is shown a diagram of a first embodiment of the 

20 optical interrogation system 100a. The optical interrogation system 100a includes a 

light source 102, a diffractive optic 104 and a coUimating optic 106 which are used to 
illuminate a specimen array 108. As shown, the light source 102 outputs a light beam 
110 towards the diffractive optic 104. The diffractive optic 104 receives the light beam 
110 and outputs an array of light beams 112 which have a desired spatial and angular 

25 intensity distribution towards the coUimating optic 106. The coUimating optic 106 

receives the light beams 1 12 and outputs a conditioned array of light beams 114 which 
have desired inter-beam separations and angles towards the specimen array 108. A 
more detailed discussion about each of these components is described below in the 
order in which they appear in the optical path. 

30 The light source 102 can be any mechanism capable of producing light 110 

suitable for use in an optical assay, such as a photoluminescence assay, a scattering 
assay and an absorbance assay. For example, the light source 102 can be a laser, arc 
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lamp, incandescent lamp, fluorescent lamp, electroluminescent device, laser diode, and 
light-emitting diode (LED). The light source 102 may have one or more illumination 
modes, including continuous or time-varying modes such as a pulsed leiser, swept 
wavelength, or swept bandpass. In addition, the light source 102 may produce a 
5 coherent or incoherent and/or polarized or unpolarized light beam 110. 

The diffractive optic 104 can be any mechanism capable of converting the input 
light beam 110 into the array of light beams 112 that have a preselected spatial and 
angular intensity pattern. For example, the diffractive optic 104 can be a diffractive 
(e.g., binary) optical element that contains a glass, plastic and/or fused silica chip 

10 designed and patterned by holography, photolithography, scribing, molding, and/or 

other methods to create a predefined array of light beams 112 from incident light 110. 

The coUimating optic 106 can be any mechanism capable of conditioning the 
array of light beams 112 so that they have predetermined optical properties such as 
desired inter-beam separations and angles before they are directed towards the 

15 specimen array 108. For example, the coUimating optic 106 can be a simple lens, a 

series of simple lenses, a f-9 lens, a parabolic mirror, a segmented mirror 206 (see 
FIGURE 2), a refracting "lens" that includes a set of precisely placed and angled 
refracting wedges, a fiber array or lenslet array 306 (see FIGURE 3) or a combined 
fiber array/lenslet array 406 (see FIGURE 4). While a simple lens 106 can be used to 

20 direct the array of light beams 114, the angle of incidence of these light beams 114 may 

not be sufficiently uniform across the specimen array 108 due to optical aberrations. 
To achieve uniform incidence angles for the array of light beams 114 across the 
specimen array 108, a f-0 lens 106 could be used. While a parabolic mirror 106 could 
be used to coUimate a uniform-angled array of light beams 112 received from the 

25 diffractive optic 104, the inter-beam separation and beamlet character may not be 

consistent across the coUimated light beams 114. To correct this problem, the parabolic 
mirror 106 may be replaced with a segmented mirror 206 which is described in greater 
detail below with respect to FIGURE 2. 

The specimen array 108 can be any mechanism capable of supporting a sample 

30 and particularly a plurality of samples at a corresponding plurality of sample sites for 

analysis. For example, the specimen array 108 can be a microplate, PGR plate, cell 
culture plate, biochip, hybridization chamber, chromatography plate or microscope 
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slide. If the specimen array 108 is a microplate then sensors (e.g., grating based 
waveguide sensors) can be incorporated within the bottom of wells which are 
illuminated by light beams 114 emitted from the coUimating optic 106. For example, 
the coUimating optic 106 can be designed to direct Ught beams 114 into the wells in a 
24, 96, 384 or 1536 well microplate 108 (for example). A more detailed discussion 
about how a sensor can be incorporated within the bottom of a well in a microplate is 
provided in U.S. Patent No. 5,738,825 the contents of which are incorporated by 
reference herein. 

Although it is not shown in FIGURE lA, the coUimating optic 106 may not be 
required if the specimen array 1 08 is curved with the appropriate radius centered at the 
diffractive optic 104. It should also be appreciated that a beam splitting optic (not 
shown) could be placed between the array of beams 114 and the specimen array 108 to 
allow near normal incidence illumination and signal detection, if it is needed. 
Moreover, it should be appreciated that the entire specimen array 108, or sections of the 
specimen array 108, can be illuminated by one or more sets of light sources 102 and 
optics 104 and 106. If a sub-section of an array is illuminated by this method an 
advantage is gained because the nimiber of moves in a scanning system can be reduced 
by a factor corresponding to the number of beamlets in the array. 

Referring to FIGURE IB, there is a photograph of an exemplary optical 
interrogation system 100a' that uses a He/Ne laser 102, two spot-to-linear-array 
diffractive optics 104 and a plano-convex coUimating optic 106 to illuminate a 384 
micro-array well plate 108. In this example, the light source 102 is a He/Ne laser 102 
and the two diffractive optics 104 are 11 -spot diffractive optics 104 oriented with 
perpendicular fan angles which generate an array of 121 -light beams 112 that have 1.42 
degrees separating the beams 112. The coUimating optic 106 is a 3" diameter, 175 
focal length plano-convex coUimating optic 106 that can generate an array of beams 
1 14 with 4.5mm separation between each beam 1 14. The specimen array 108 is a 384 
micro-array well plate 108 that has a 4.5 mm separation between the centers of the 
wells. And, each well has a clear aperture that is approximately 2.5 mm x 2.5 mm. 
The photograph also illustrates at numeral 109allxll grid of spots that were created 
after each individual light beam 114 passed cleanly through the clear aperture of each 
well in the 384 micro-array plate 108. 
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Referring to FIGURE 2, there is a diagram of a second embodiment of the 
optical interrogation system 100b. The optical interrogation system 100b includes a 
light source 202, a diffractive optic 204 and a segmented mirror 206 which are used to 
illuminate a specimen array 208. As shown, the light source 202 outputs a light beam 
5 210 towards the diffractive optic 204. The diffractive optic 204 receives the light beam 

210 and outputs an array of light beams 212 which have desired spatial and angular 
intensity distribution towards the segmented mirror 206. The segmented mirror 206 
receives the light beams 212 and then reflects a collimated array of light beams 214 
towards the specimen array 208. The segmented mirror 206 has an optical surface 

10 defined by a series of flat mirrors 207 (only five shown) which enables the collimated 

light beams 214 to have uniform inter-beam separations when the collimated light 
beams 214 are in planes that are parallel to the plane of the specimen array 208. 

As can be seen, it is possible that the segmented mirror 206 can block some of 
the collimated light beams 214. To prevent the blocking of collimated light beams 214, 

15 the segmented mirror 206 may be located in a different axis with respect to the 

diffraction optic 204. To avoid repetition, the common components between the first 
and second embodiments of the optical interrogation system 100a and 100b such as the 
light source 102 and 202 and the diffractive optic 104 and 204 are not described in 
detail here since each of these components have similar structures and functionalities. 

20 Referring to FIGURE 3, there is a diagram of a third embodiment of the optical 

interrogation system 100c. The optical interrogation system 100c includes a light 
source 302, a diffractive optic 304 and a fiber array 306 which are used to illuminate a 
specimen array 308. As shown, the light source 302 outputs a light beam 310 towards 
the diffractive optic 304. The diffractive optic 304 receives the light beam 310 and 

25 outputs an array of light beams 312 which have a desired spatial and angular intensity 

distribution towards the fiber array 306. The fiber array 306 is made from an array of 
fibers 307 each of which has one end arranged on a sphere 309a and another end 
arranged on a grid 309b. The sphere 309a receives the light beams 312 and the fibers 
307 re-condition the light beams 312 and then the conditioned light beams 314 are 

30 output from the grid 309b towards the specimen array 308. As shown, the fibers 307 

may be arranged on the circumference of the sphere 309a whose optical center lies at 
the location of the diffractive optic 304. Altematively, the fibers 307 may be arranged 



10 

in a planar fashion instead of on the circumference of the sphere 309a, The fiber array 
306 may be used if it is necessary to individually re-condition the optical character of 
each light beam 312 emitted from the diffiractive optic 304. In another embodiment, a 
lenslet array (not shown) may be used instead of the fiber array 306 to alter the optical 
5 character of each Ught beam 312 into a desired form and then direct the re-conditioned 

light beams 314 toward the specimen array 308, 

Referring to FIGURE 4, there is a diagram of a fourth embodiment of the 
optical interrogation system lOOd. The optical interrogation system lOOd includes a 
light source 402, a diffi-active optic 404 and a combined fiber array/lenslet array 406 

10 which are used to illuminate a specimen array 408. As shown, the light source 402 

outputs a light beam 410 towards the diffractive optic 404. The diffiractive optic 404 
receives the light beam 410 and outputs an array of light beams 412 which have a 
desired spatial and angular intensity distribution towards the fiber array 406a. The fiber 
array 406a is made firom an array of fibers 407 each of which has one end arranged on a 

15 sphere 409a and another end arranged on a grid 409b, The sphere 406a receives the 

Ught beams 412 and the fibers 407 re-condition the light beams 412 and then the 
conditioned light beams 314 are output from the grid 409b towards the lenslet array 
406b. The lenslet array 406b fiirther conditions the light beams 414 and directs the 
conditioned light beams 416 towards the specimen array 408. As shown, the fibers 407 

20 may be arranged on the circumference of the sphere 409a whose optical center lies at 

the location of the diffractive optic 404. Altematively, the fibers 407 may be arranged 
in a planar fashion instead of on a circumference of the sphere 409a. The combined 
fiber array/lenslet array 406 may be used if it is necessary to individually re-condition 
the optical character of each light beam 412 output from the diffractive optic 404. In 

25 another embodiment, one or more fiber arrays 406a and/or lenslet arrays 406b may be 

used to condition light beams 412 before they reach the specimen array 408. 

Referring to FIGURE 5, there is a diagram of a fifth embodiment of the optical 
interrogation system lOOe. The optical interrogation system lOOe is similar to the first 
embodiment except that this optical interrogation system lOOe includes a re- 

30 conditioning optic 503 which was not present in the first embodiment. To avoid 

repetition, the common components between the first and fifth embodiments of the 
optical interrogation system 100a and lOOe such as the light source 102 and 502, the 
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diffractive optic 104 and 504 and the coUimating optic 106 and 506 are not described in 
detail below since each of these components have similar structures and functionalities. 

The optical interrogation system lOOe includes a light source 502, a re- 
conditioning optic 503, a diffractive optic 504 and a coUimating optic 506 which are 
5 used to illuminate the specimen array 508. In this embodiment, the light source 502 

outputs a light beam 510 towards the re-conditioning optic 503. The re-conditioning 
optic 503 receives the light beam 510 and outputs a re-conditioned light beam 511 
towards the diffractive optic 504. The diffractive optic 504 receives the re-conditioned 
light beam 511 and outputs an array of light beams 512 which have a desired spatial 

10 and angular intensity distribution towards the coUimating optic 506. The coUimating 

optic 506 receives the light beams 512 and then outputs conditioned light beams 514 
which have desired inter-beam separations and angles towards the specimen array 508. 

The re-conditioning optic 503 allows one to re-condition the spot diameters and 
numerical apertures of each light beam 514 that impinges the plane of the specimen 

15 array 508. It is important to control the numerical aperture of each light beam 514 as 

well as the angle of incidence of each light beam 514 that is directed towards the 
specimen array 508 to ensure the proper functions and precise measurements when 
waveguide grating sensors and fluorescence sensors are arranged in the specimen array 
508. Moreover, the re-conditioning optic 503 enables one to generate light beams 514 

20 that have uniform optical interrogation properties across the entire specimen array 508 

which helps ensure that the response of a particular sensor is not influenced by its 
location in the specimen array 508. 

Referring to FIGURE 6, there is a diagram of a sixth embodiment of the optical 
interrogation system lOOf. The optical interrogation system lOOf is similar to the first 

25 embodiment except that this optical interrogation system lOOf includes a wavelength 

timable filter 603 which was not present in the first embodiment. To avoid repetition, 
the common components between the first and sixth embodiments of the optical 
interrogation system 100a and lOOf such as the light source 102 and 602, the diffractive 
optic 104 and 604 and the coUimating optic 106 and 606 are not described in detail 

30 below since each of these components have similar structures and functionalities. 

The optical interrogation system lOOf includes a light source 602, a wavelength 
tunable filter 603, a diffractive optic 604 and a coUimating optic 606 which are used to 
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illuminate the specimen array 608. As shown, the light source 602 outputs a light beam 
610 towards the wavelength tunable filter 603. The wavelength tunable filter 603 
receives the light beam 610 and outputs a filtered light beam 611 that has a firequency 
within a desired bandpass towards the diffractive optic 604. The diffractive optic 604 
5 receives the filtered light beam 611 and outputs an array of light beams 612 which have 

a desired spatial and angular intensity distribution towards the collimating optic 606. 
The collimating optic 606 receives the Hght beams 612 and outputs conditioned light 
beams 614 which have desired inter-beam separations and angles towards the specimen 
array 608. 

10 The wavelength tunable filter 603 enables one to scan the specimen array 608 

with light beams 614 that have a desired wavelength. Thus, the wavelength tunable 
filter 603 enables the wavelength interrogation of the specimen array 608 using light 
beams 614 that have desired optical qualities at each specimen and does not require the 
use of expensive spectrographic £md signal collection equipment. Since the diffi-active 

15 optic 604 has a design wavelength bandpass typically specified at -'35nm, the 

wavelength timable filter 603 can be tuned only over a finite range of wavelengths 
before the beam quality of the light beams 614 begins to degrade at the specimen array 
608. However, since the light beam 611 inputted into the diffiractive optic 604 does not 
need to be precisely aligned to the diffractive optic 604 to create the fan of light beams 

20 612 this enables one to use multiple diffractive optics 604. The use of multiple 

diffractive optics 604 that can be switched or moved with low precision allows one to 
interrogate the specimen array 608 with a greater range of wavelengths than would be 
possible with a single diffractive optic 604. 

Those skilled in the art will appreciate that traditional spectrographic equipment 

25 and optical interrogation systems typically allows the signals fi"om only about 10-20 

specimens (or less) to be sampled at any one time. This forces the use of a scanning or 
multiplexing scheme to receive the light beams fi^om the specimen array and to switch 
the light beam fi-om each specimen to the input of the spectrographic equipment. 
However, the optical interrogation system lOOf which includes the wavelength tunable 

30 filter 603 and diffractive optic 604 at the launch end enables one to use less expensive 

and more parallel detection schemes such as a photodiode arrays or CCDs. Because 
one axis of the CCD or photodiode array would not need to be used as a wavelength 



13 

detection axis, the signals from a greater density of sensors in the specimen array 608 
can be directed onto the CCD or detector array. This reduces the number of detectors 
and optics that must be used at the optical receive end of the optical interrogation 
system lOOf For a more detailed discussion about some of the different types of 
5 detectors that can be used in the present invention reference is made to the description 

associated with FIGURE 7B-7C. 

Referring to FIGURE 7A, there is a diagram of a seventh embodiment of the 
optical interrogation system lOOg. The optical interrogation system lOOg is similar to 
the first embodiment except that this optical interrogation system lOOg includes a mask 

10 707 which was not present in the first embodiment. To avoid repetition, the common 

components between the first and seventh embodiments of the optical interrogation 
system 100a and lOOg such as the light source 102 and 702, the diffractive optic 104 
and 704 and the coUimating optic 106 and 706 are not described in detail below since 
each of these components have similar stmctures and functionalities. 

15 The optical interrogation system lOOg includes a light soiwce 702, a diffractive 

optic 704, a coUimating optic 706 and a mask 707 which are used to illuminate 
predetermined specimens in a specimen array 708. As shown, the light source 702 
outputs a light beam 710 towards the diffractive optic 704. The diffractive optic 704 
receives the light beam 710 and outputs an array of light beams 712 which have a 

20 desired spatial and angular intensity distribution towards the coUimating optic 706. 

The coUimating optic 706 receives the light beams 712 and conditions each light beam 
712 to have a desired inter-beam separation and angle. The coUimating optic 706 then 
outputs the conditioned light beams 714 some of which pass through the mask 707 
towards the specimen array 708. The mask 707 may be coarsely positioned or 

25 continuously moving so as to block certain light beams 714 from reaching selected 

sensors 708a (only one shown) in the specimen array 708. The mask 707 helps to 
prevent "cross-talk" between sensors in the specimen array 708 and at the detector (see 
FIGURES 7B-7C). Although the mask 707 is shown placed in the optical path prior to 
specimen array 708 it could also be placed in the optical path after the specimen array 

30 708. In addition, this masking arrangement allows the use of smaller and/or fewer 

detectors because the receive optics can direct the signal from more than one specimen 
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in the array 708 to the same location on the detection plane. The mask 707 then blocks 
the optical signal from specimens that are not being interrogated. 

Referring to FIGURE 7B, there is a diagram of the seventh embodiment of the 
optical interrogation system lOOg that includes a detector 716 designed to receive the 
5 light beams 718 reflected from the specimen array 708. The detector 716 includes 

imaging optics 720 which enables the use of 1-D or 2-D arrayed detectors 722 that need 
fewer detection elements and signal processing components. The imaging optics 720 
can be of a cylindrical or spherical design depending on the detection requirements of 
the particular optical interrogation system lOOg. It should be appreciated that this 
10 detector 716 and other types of detectors can be used in other embodiments of the 

present invention. 

Referring to FIGURE 7C, there is a diagram of the seventh embodiment of the 
optical interrogation system lOOg that includes a swept angle detection system 724 
designed to receive the light beams 718 reflected from the specimen array 708. The 

15 swept angle detection system 724 includes a rotating mirror 726, an aperture array 728, 

an array of photodetectors 730 and a time/angle based data acquisition system 732. 
The rotating mirror 726 which moves at a constant velocity or controllable angle 
receives and reflects the light beams 718 emitted from the specimen array 708. The 
aperture array 728 shown placed in front of the photodetectors 730 is used to select and 

20 pass a small range of angles from the light beams 718 emitted by the specimen array 

708 and reflected by the rotating mirror 726. The size of the holes in the aperture array 
728 can be changed to improve angular resolution and/or increase the signal strength of 
the light beams 718. The angular resolutions of the light beams 718 can also be 
changed by moving the aperture array 728 toward or away from the rotating mirror 

25 726. The light beams 718 passed through the aperture array 728 then interface with the 

photdetectors 730 which are connected to the data acquisition system 732. It should be 
noted that the time needed for the data acquisition system 732 to complete a scan can 
be decreased by incresising the sweep rate of the rotating mirror 726. It should also be 
noted that a mask 707 may be used to eliminate cross-talk from adjacent sensors in the 

30 specimen array 708. 

The swept angle detection system 724 enables one to use high gain/high 
bandwidth detectors 730 and fast time-resolving signal processing hardware that are 
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readily available and supported commercially. Moreover, the swept angle detection 
system 724 can use a time-resolved method that can be multiplexed electronically using 
high speed relays to rapidly switch the outputs of the photodetectors 730 to time based 
signal processing hardware which decreases the cost of the data acquisition system 732. 
5 Like the aforementioned detector 716, it should be appreciated that the swept angle 

detection system 724 and other types of detectors can be used in other embodiments of 
the present invention. 

Referring to FIGURE 8, there is a diagram of an eighth embodiment of an 
optical interrogation system lOOh. The optical interrogation system lOOh is similar to 

10 the first embodiment except that this optical interrogation system lOOh includes an 

electronically controlled liquid crystal mask 807 which was not present in the first 
embodiment. To avoid repetition, the common components between the first and 
eighth embodiments of the optical interrogation system 100a and lOOh such as the light 
source 102 and 802, the diffractive optic 104 and 804 and the coUimating optic 106 and 

15 806 are not described in detail below since each of these components have similar 

structures and functionalities. 

The optical interrogation system lOOh includes a light source 802, a diffractive 
optic 804, a coUimating optic 806 and an electronically controlled liquid crystal mask 
807 which are used to illuminate predetermined specimens in a specimen array 808. As 

20 shown, the light source 802 outputs a light beam 810 towards the diffractive optic 804. 

The diffractive optic 804 receives the light beam 810 and outputs an array of light 
beams 812 which have a desired spatial and angular intensity distribution towards the 
coUimating optic 806. The coUimating optic 806 receives the light beams 812 and 
conditions each light beam 812 to have a desired inter-beam separation and angle. The 

25 coUimating optic 806 then outputs the conditioned light beams 814 some of which pass 

through the electronically controlled liquid crystal mask 807 towards the specimen 
array 808. The electronically controlled liquid crystal mask 807 allows one to have 
selectable control over the transmission or blocking of predetermined light beams 814. 
In addition, the electronically controlled liquid crystal mask 807 may be coarsely 

30 positioned or continuously moving so as to block certain light beams 814 from reaching 

selected sensors 808a (only one shown) in the specimen array 808. As such, the 
electronically controlled liquid crystal mask 807 makes it possible to illuminate the 
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desired location or locations on the specimen array 808 at arbitrary times and in 
controllable spatial patterns. Like mask 707, the electronically controlled liquid crystal 
mask 807 helps to prevent "cross-talk" between sensors in the specimen array 808 and 
at the detector (see FIGURES 7B-7C). It should also be appreciated that although the 
5 electronically controlled liquid crystal mask 807 is shown placed in the optical path 

prior to specimen array 708 it could also be placed in the optical path after the 
specimen array 708. 

Referring to FIGURE 9, there is a diagram of a ninth embodiment of an optical 
interrogation system lOOi. The optical interrogation system lOOi is similar to the 

10 seventh embodiment except that this optical interrogation system lOOi includes a swept 

angle launch system 903 which was not present in the seventh embodiment (see 
FIGURE 7 A). The optical interrogation system lOOi includes a light source 902, a 
swept angle launch system 903, a diffractive optic 904, a coUimating optic 906 and a 
mask 907 which are used to illuminate predetermined specimens in a specimen array 

15 908. As shown, the light source 902 outputs a light beam 910a towards the swept angle 

launch system 903 which includes a beam deflector 905 used to control the angle of 
incidence of a light beam 910b directed into the diffractive optic 904. The diffractive 
optic 904 receives the light beam 910b and outputs an array of light beams 912 which 
have a desired spatial and angular intensity distribution towards the coUimating optic 

20 906, The coUimating optic 906 receives the light beams 912 and conditions each light 

beam 912 to have a desired inter-beam separation and angle. The coUimating optic 906 
then outputs the conditioned light beams 914 some of which pass through the mask 907 
towards the specimen array 708. The mask 907 may be the same as the aforementioned 
masks 707 and 807 described above with respect to FIGURES 7A and 8. 

25 The swept angle laimch system 903 has several features and advantages 

including the following (for example): 

• Enables one to perform measurements on signals which are sensitive to the 
angle of incidence and/or the angle of deflection of light. 

• Enables one to use a large area detector 920 instead of the more expensive CCD 
30 which is really an array of detectors. This is possible because one knows the 

angles of incidence of the light beams 914 that are impinging on the sensors in 
the specimen array 907 for each measurement point in the angular sweep. 
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• Enables one to incorporate phase sensitive detection/locking techniques within 
the optical interrogation systems lOOi which can greatly reduce noise and boost 
by orders of magnitude the signal sensitivity. 

• Enables one to address a fringe problem at the detector 920 that occurs when 
light beams that have a large range of angles and/or large spot sizes impinge 
simultaneously at one of the sensors in the specimen array 908. These 
problematical fringes are the result of the interference of the light beams caused 
by reflections from the sensor 908 to detector 920. As the range of incident 
angles of the light beams that arrive at the sensor 908 are simultaneously 
reduced, so are the number of fringes observed at the detector 920. Thus, if the 
light beams have a small enough range of incidence angles, then the reflections 
from both surfaces on the sensor namely the bottom of the well and the sensor 
itself do not overlap at the detector which causes the fringe problem. The swept 
angle launch system 903 reduces most of the undesirable interference fringe 
effect by reducing the range of the incident angles of light beams that impinge 
the sensor 908. In addition, at the same time, the swept angle launch system 
903 enables one to cover the full range of angles needed to maintain the angular 
dynamic range of the measurement by sweeping the angle of the light beam 
across the sensor 908. 

Referring to FIGURE 10, there is a flowchart illustrating the basic steps of a 
preferred method 1000 for interrogating one or more specimens in a specimen array 
using the aforementioned optical interrogation systems 100. Beginning at step 1002, a 
light source 102 is used to generate a light beam 110 that may be reconditioned by one 
or more optical elements. At step 1004, a diffractive optic 104 is used to receive the 
light beam 1 10 and output an array of light beams 1 12. At step 1006, a 
coUimating optic 106 (e.g., simple lens(es), f-d lens(es), segmented mirror, fiber array) 
is used to receive and condition the array of light beams 112 and then output the 
conditioned array of light beams 114 which have desired optical properties towards the 
specimen array 107. A mask 708 and 807 may also be used to prevent certain light 
beams 114 from reaching certain specimens in the specimen array 107. Lastly at step 
1008, a detector is used to receive and analyze the light beams 114 emitted from the 
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specimen array 107. Although this method 1000 has been described with respect to the 
components associated with the first embodiment of the optical interrogation system 
100a the basic steps are applicable to any of the aforementioned embodiments of 
optical interrogation systems. 

5 

Following are some advantages and uses of the optical interrogation system 100 
and method 1000 of the present invention: 

• The optical interrogation system 100 provides a simple and efficient means of 
10 generating an array of beams with precisely controlled spacing and optical 

characteristics at the specimen array. 

• The optical interrogation system 100 has a minimum number of or no moving 
parts. 

• The optical interrogation system 100 does not require precise movement or 
15 alignment of its components to optically interrogate rows and/or individual 

sensors in the specimen array. 

• The optical interrogation system 100 allows a large number of specimens to be 
interrogated simultaneously. 

• The optical interrogation system 100 could be applied in the following 
20 applications (for example): 

■ Grating and non-grating based sensors. 

■ Infrared and Ultra-violet Absorption Spectroscopy, Fourier 
Transform Infi-ared Absorption (FTIR) Spectroscopy, Raman 
Spectroscopy, Reflection Spectroscopy, Fluorescence 

25 Spectroscopy, Flourescence Lifetime Spectroscopy, and Surface 

Plasmon Resonance Spectroscopy. 

• The optical interrogation system 100 can have optical frequencies that span 
across the entire usable electromagnetic frequency spectrum. 



30 



Although several embodiments of the present invention has been illustrated in 
the accompanying Drawings and described in the foregoing Detailed Description, it 
should be understood that the invention is not limited to the embodiments disclosed, but 



19 

is capable of numerous rearrangements, modifications and substitutions without 
departing from the spirit of the invention as set forth and defined by the following 
claims. 



